Windows generally have the lowest temperature index in current building types, and will consequently be the primary location for interior surface condensation. Surface temperatures can easily be calculated using thermal finite-element models, but these generally omit the effect of convection in the windows and the window-wall interface. Hence, there is a need to determine if specific interface details provide potential for condensation on the window components in which air leakage paths may be prominent. The article reports on a laboratory evaluation of condensation risk assessment in a hotbox with varying pressure differences and the introduction of deficiencies. It was concluded that the effect of the type of insulation in the window-wall interface was very low for isobaric boundary conditions, whereas it has a significant effect when pressure differences are applied.
Introduction
Surface condensation on double glazing is a frequently occurring problem in buildings . It typically occurs due to changes in indoor humidity, indoor temperature, or exterior temperature. For example: condensation on a window in a bedroom can be a combination of heightened moisture production (occupancy during the night), intermittent heating (lower temperatures at night), and nocturnal long-wave radiation to the sky. Surface condensation is not only a comfort problem, but it may also accelerate deterioration of finishing products around the window frame, introduce corrosion of metal elements, and induce mold growth in wooden frames. Due to recent evolutions in the performance of both insulated glass units (IGUs) and window frames, the predominant location for surface condensation for a specific window may differ depending on the thermal performance of both products.
Currently, several commercial software packages allow calculation of the thermal performance of window frames and IGUs (see e.g., the validation study by Duer et al., 2002) . For any given boundary conditions, these simulation tools can calculate the lowest surface temperature on the interior side where condensation will most likely occur first. An overview of these tools, their capabilities and limitations, and an evaluation of standardized simulation procedures was offered by Gustavson et al. (2008) . Several authors have investigated specific aspects of the window that affect the risk on surface condensation. Moshfegh et al. (1989) and Larsson et al. (1999) analyzed the interior temperatures and condensation risk based on thermal simulations of a window frame with triple-glass windows. Abodahab and Muneer (1998) analyzed the longitudinal temperature variation due to buoyancy-driven gas flow within the sealed IGU cavity. Due to that thermal gradient, the lowest temperatures of the IGU are typically found near the sill, and overall U-values are not reliable to assess the condensation risk. Furthermore, the thermal performance of the IGU is closely related to the design of the spacer bar around the perimeter. Elmahdy and Frank (1993) and Elmahdy (2003) analyzed the effect of spacer bars on the interior surface temperature by comparing numerical simulations with experimental results from a hotbox test setup. Principally, three main conclusions can be extracted: the effect of spacer bars should not be underestimated, the difference between different types of spacer bars is significant, and numerical simulations can be used to predict the effect of spacer bars. Similar conclusions were reported by Arasteh (1991) and Song et al. (2007) . Gustavson and Thue (2007) used Computational Fluid Dynamics (CFD) to analyze natural convection in three-dimensional cavities, such as those found in aluminum, vinyl, and steel window frames. The results show that a number of effects are not taken into account in widely used numerical software -as discussed by Gustavson et al. (2008) . However, these effects are very small and negligible compared to uncertainties in other aspects that determine the condensation risk. Window frames can incorporate local components that are not often taken into account, such as reinforcements in corners, local elements to support the glass (between the glass and the sash), hinges, and gearbox. The effect of these components has not been reported extensively in literature.
Besides the performance of the window, the condensation risk also depends on the boundary conditions it is subjected to. Analysis of heating patterns and their effect on interior surface temperatures by Becker (1993) pointed out that intermittent heating can significantly affect the condensation risk due to erroneous assumptions concerning interior temperatures. Furthermore, local effects of air movement on condensation were studied both experimentally as with CFD by Liu et al. (2004) , and with CFD by Bong et al. (1998) . On the exterior side of the window, the effect of solar radiation and local shading can introduce complex heat flow patterns (Shapiro et al., 1987) .
One aspect that is typically omitted in research on condensation risk assessment of windows is the effect of air leakage in the window-wall interface on the interior surface temperatures of the window. Research by Proskiw (1994) on eight different window installation techniques showed that some solutions were prone to air leaks, which may have an influence on the interior surface temperatures of the window. It may be very well known that a constant pressure difference, generated by wind pressure, stack effect, or HVAC systems, introduces an air flow from the cold exterior side to the warm interior of the window. Depending on the type of construction, the window is connected to the wall by way of one or two airtight layers. The interior one is typically called the airtightness layer, whereas the one on the exterior is commonly called the weathertightness layer. Window components are susceptible to water entry over their expected life (Lacasse et al., 2007) ; hence there is a need to ensure that the window installation details permit adequate drainage at the rough opening of the window subsill. Consequently, the exterior side of the window installation does not act as an airtight layer, and the window installation may be prone to air infiltration because it relies on a single barrier.
There exist several standard laboratory test methods for determining the potential for the formation of condensation on windows, as provided in Table 1 . However, the essential aspects of such methods were first proposed by Sasaki (1971) and the standardization work carried out in AAMA (1972, 1998) , ASTM (2000) , and CSA (2004) follows on these initial efforts. These standards prescribe the overall test protocol, temperatures of the room side and cold side, and maximum relative humidity (RH) under test conditions. A useful overview of these methods is given by Elmahdy (1990) . The essential elements of the method, briefly described, consist of testing a window in a hotbox chamber, measuring the lowest window glazing and frame surface temperatures from specified locations on the window, and calculating the average exterior air temperature and the average interior air and wall surface temperatures. The 'Temperature Index' (I) of the window can then be determined based on the following relationship provided in the CSA A440.2 Standard (CSA, 2004) :
where T i and T o are the indoor and outdoor air temperatures, and T s the average room-side surface temperature measured in the test. For Equation (1) to be used internationally, a different definition of the temperature index is used according to EN ISO 13788:2001:
The temperature index is non-dimensional, and represents the interior surface temperature relative to the interior and exterior air temperatures. The use of the temperature indexes offers the opportunity to compare the thermal performance of samples subjected to different boundary conditions. Due to Fourrier's law of conduction (leading to linear correlation between heat transfer and temperature difference), the temperature index does not depend on the absolute value of the boundary conditions. In this article, the temperature index is used to present and analyze the results. Between different measurements there were slight deviations in the room and outside temperatures (due to the applied pressure difference). Consequently, the use of the temperature index allows intercomparison of the results, whereas the absolute temperatures can only be interpreted taking into account the accurate temperature difference over the specimen. In order to enhance the practical interpretation of the results, information is also provided on absolute temperatures, but these are calculated using the temperature index, and as such omit the differences due to variations in boundary conditions. Condensation will occur when the vapor pressuring the air near the building component is above the vapor saturation pressure that corresponds to the surface temperature. The saturation pressure can be calculated as follows (EN ISO 13788:2001 This article reports on a laboratory evaluation for assessing the potential for the formation of condensation at the window frame, sash, or glazing for window installations that incorporate sill pans. The laboratory test method given in the CSA A440.2 standard (CSA, 2004 ) was used as a basis for determining the potential for the formation of condensation on windows as a function of both temperature and pressure differences across the test assembly.
Experimental setup and procedure
The purpose of the test was to obtain surface temperature measurements on specific window components that thereafter permitted determining whether there existed conditions suitable for the formation of condensation given specified interior and exterior conditions. The CSA A440.2 (CSA, 2004) test method for determining condensation potential on windows, as described by Elmahdy (1990) , was followed with the following exceptions: the pressure difference across the specimen was adjusted to 20 and 40 Pa and at levels in excess of that required in the standard (i.e., 0 6 5 Pa); steady state conditions were maintained for at least 6 h (compared to 5 h in the standard); once steady-state was achieved, readings were averaged over a period of at least 2 h; deficiencies were introduced at the wall-window interface. A guarded hotbox (Bowen, 1985) was used to subject a suitable specimen, incorporating a window and related interface details, to temperature differentials specified in the test. A description of the hotbox is provided by Brown et al. (1961) . Details on the experimental procedure, the calibration of the hotbox, specimen instrumentation, and data acquisition are provided in subsequent sections.
Test setup
In respect to the choice of installation details, consideration was only given to those details that had in a previous study (Lacasse et al.,2007) demonstrated an ability to adequately manage rainwater entry. Such installation details typically include a sloped sill with sill pan flashing incorporating a back dam. Research and analysis has been completed on installation details for flanged mounted and box windows. This article reports on the results derived from testing the installation details for box windows; results on flanged windows are given in Maref et al. (2010) .
The nominal size of the test frame incorporating the wall-window interface was 1.22 m wide by 2.44 m high, and it was framed with 51 by 152 mm Spruce-Pine-Fir lumber. The test assembly was intended to be representative of typical North American wood frame construction practice. The exterior cladding of the assembly was hardboard wood composite siding, installed in accordance with the current building practice, and directly to the sheathing membrane, Weather Resistive Barrier (WRB; spun-bonded polyolefin). The membrane overlays an oriented strand board (OSB; 11 mm) wood sheathing panel affixed over the wood frame. Glass fiber batt type insulation was placed in the stud cavities adjacent to the window opening and the interior finish was gypsum board (12.7 mm). A fixed (non-operable) non-flanged PVC window (610 mm by 1220 mm) was centered vertically within the specimen. The window was installed with the glazing aligned with the plane of thermal resistance of the wall. Figure 1 provides installation details of a box window incorporating pan flashing, sloped sill, up-stand, and related details that help to promote drainage of water from the windowsill if subjected to inadvertent water entry. Figure 1 shows the location of the plane of thermal resistance of the wall in relation to that of a box window installed along the same plane.
The space between the window frame and wood frame wall was left empty (test set 1), filled with glass fiber insulation (test set 2), or filled with spray-in-place polyurethane foam (SPF) (test set 3). Finally, given the interest in using installation details that included a sill pan, thought was given to possible paths of air leakage through the assembly at the sill and the type of deficiencies that might arise at these locations due to improper installation of components or premature failure of seal components. The introduction of two deficiencies at the wall-window interface provided a means to evaluate whether air leakage across different components of the window assembly caused condensation to form on the warm side of the wall assembly when leakage was induced in the test assembly. A first deficiency was located at the exterior of the wall-window interface and at the juncture of the cladding and window frame at the lower extreme corner of the window, whereas the second one was situated at the interior of the assembly at the interface between the window frame and the interior finish but located at the upper most and opposite corner of the window assembly.
Test procedure
Both the temperature and RH were continuously monitored over the course of a test sequence in the warm side chamber and only temperature in the cold side chamber. Measurements of temperature in the chamber were made to an accuracy of 6 0.58C and that of RH to 6 1% RH. The temperature at the weather side was very stable (variation in time below 0.58C), whereas the room temperature showed to be more sensitive to the heating system of the hotbox (average maximum variation of 1.98C). However, the interior surface temperatures varied at a maximum of 0.68C for the case with the highest variation in room temperature. Moreover, averaged values are used in the analysis, which dampen out the effect of relative instability of the room side temperature. The data were recorded on an acquisition system and then subsequently used to ensure that steady-state conditions had been maintained over the course of a test sequence. Surface temperature conditions on either side of the window and on specified window components (e.g., glazing; frame at sill and at jambs) were continuously monitored with a set of 40 thermocouples: 20 on the exterior and 20 on the interior of the specimen. The location of each of these thermocouples followed CSA A440.2-04 specifications. Thermocouples were also placed within the cavity between the window frame and window opening. Thermocouple temperature measurements were made to an accuracy of 6 0.58C. Values of local 'Temperature Index' (I) at given points on the window frame and glazing were determined based on relationship (2) given in EN ISO 10211 Standard (see Equation (2)).
Tests were carried out under a pressure differential, continuously monitored during the test sequence by a pressure transducer with a 250 Pa range and accuracy of 6 1 Pa. A pressure transducer was used to monitor the pressure in the interstitial space between the window frame and window opening. The amount of airflow due to pressurization during the test was not monitored. The guarded hotbox test facility was calibrated according to the approach described in Elmahdy (1992) and Elmahdy and Bowen (1988) . The film heat transfer coefficient on the roomside and weather-side surfaces was determined from the calibration of the hotbox with use of the Calibration Transfer Standard (CTS); the CTS is described in Goss et al. (1991) . For calibration, the CTS was mounted flush with the room-side surface of the surround panel.
The temperature differential for the tests was set at 508C 6 1.58C and the temperature sensor measurements were recorded once steady-state conditions were achieved following a period of 15 min in these conditions (208C À (À308C) ¼ 508C). The humidity on the warm side chamber was maintained at ca. 10% RH to insure that no condensation occurred on any of the interior exposed surfaces of the window frame. No et al. (2008) showed that significant discrepancies may arise between experimental and numerical results due to condensation in hotbox test measurements. Tests were conducted with pressure differences 0, 20, and 40 Pa by evacuating the warm side chamber.
Results

Test set 1 -no insulation
Without a pressure difference across the specimen, there was a very uniform temperature distribution over the wall, window frame, and glass on the outside (cold side) of the specimen (À28.38C to À28.78C). This is consistent throughout all measurements, regardless of pressures and deficiencies. On the outside, the air space between the WRB and the hardboard siding blocked any thermal bridging that might have been provided by the wood studs from appearing on the measurements.
As the cavity between the box window and the wood framing is approximately 12 mm wide and 125 mm deep, internal convection within the cavity might induce thermal stratification in the vertical air space. This cavity is essentially open to the cavity between the hardboard siding and the wood stud wall at the sill, and closed at the jambs and the top. At the sill, the gap between the sill and the subsill is about 1.9 cm. At the jambs and the top, there is a slit of 0-5 mm wide. Gustavson et al. (2001) studied flow patterns in different types of window frames experimentally and with computational fluid dynamics. He concluded that cavities with interconnections of less than about 7 mm can be treated as separate cavities. This of course is only valid for natural convective effects and where the influence of forced convection by external pressure gradients has not been taken into account. Based on these data, one could assume that in all circumstances, there would be a considerable air flow at the bottom, whereas air exchange between the wall-window interface cavity and the cavity behind the hardboard siding is rather unlikely without forced convection.
The horizontal cavity beneath the sill was located at the plane of thermal resistance of the window, where the highest thermal gradient from inside to outside is evident, thus intensifying the resulting convection. Any cold air entering into this cavity will gather heat from the inner side of the window frame, and thereafter rise due to its decreasing mass density. However, due to this phenomenon, one might expect a similar thermal gradient at the outside of the window -this was not observed. A possible explanation can be found by analyzing the configuration of the window frame. This specific window profile lets the outside chamber of the frame partially act as a geometrical cooling fin, short-circuiting the location of the thermocouple. Furthermore, due to the high heat flux caused by the presence of the insulated glass unit (IGU) spacer, the effect of other components on the temperature at the thermocouple is outclassed.
The six thermocouples located in the vertical cavity confirm a strong temperature gradient over its height (Figure 2) , rising from 0.48C at the sill to 12.98C at the top of the cavity. The vertical thermal gradient in the cavity was monitored throughout all measurements, which was consistent in nature. However, when compared to the experiments with spray foam insulation in the cavity (please refer to section 'Test set 3 -SPF'), the addition of which eliminates both natural thermal stratification and forced air flow, it seems that a small part of the observed temperature gradient is caused by other effects. The mounting brackets are not close enough to the thermocouples to affect the measurement and given that this is a fixed window with no hinges or stays, neither of these items can affect results. Only the thermal gradient inside the window frame itself can account for the observed results. On the inside (warm side) of the specimen the temperature of the wall showed more variation, as could be expected. The temperature on the window frame and the IGU had a strong thermal gradient; although the temperatures on the middle and upper half of the window ranged from 12.48C to 14.28C, temperatures between 3.98C and 8.68C were evident near the sill due to stratification of the IGU gas (no stratification was recorded in the rooms).
Effect of pressure differences
In order to analyze the effect of cold air infiltrating into the assembly, positive pressures of 20 and 40 Pa were applied. Due to this unbalance, cold air was drawn into the assembly through small cracks and holes in the different components of the specimen. As there were no wilful deficiencies in this setup, air could only enter through local imperfections of the wall, window-wall interface, or window frame. Figure 2 shows a clear temperature drop on the window frame while the indoor temperature remained the same, and this is most distinct at the upper left and lower left corner of the window. In general, the temperature index dropped between 0.02 and 0.12 (on average 0.04). A temperature drop at that location can be caused by two effects: (1) air running along the perimeter of the window frame can cool the window frame, even causing the glazing stop to cool a few degrees (the thermocouples on the window frame are mounted on the glazing stop); (2) there might be air leakage through the window frame itself. Leakage through the frame came either from outside directly through the frame to the inside or via the cavity between the window frame and the wood stud wall and thereafter through the window frame to the inside. A detailed analysis with smoke pencils indicated that the interior perimeter of the window frame was tightly sealed with caulking; so, air leakage only around the window could not account for these results. By comparing these results with other test sets, it was concluded that the window frame itself was quite leaky. In test set 3, SPF was installed in the cavity between the window frame and the wood stud wall. Any cooling effects would then be caused by cold air directly entering through the window from the outside to the inside. A comparison of temperature index drops on the frames showed that direct air leakage through the window frame from outside to inside accounts for about 40% of the overall temperature drop. That means the remaining 60% in temperature drop would be caused by air coming from the space between the frame and the wall into the frame.
A closer examination of several samples of the window typology used in this study revealed imperfections at the miter joint of the welded vinyl frame. The miter joint was chamfered after welding, but in some instances, it apparently was cut off, thereby revealing a small opening (slit) at the exterior corners of the window frame. As well, it was observed that at the top and bottom sides of the window, there were minor perforations caused by staples; these staples were used to secure the wood protection strapping in place during transport of windows. It was also evident that there were no weep holes at the bottom side of the window (contrary to good practice). In general, the windows were poorly fabricated and several deficiencies were present in the frame specifically at the corners both inside and outside. These deficiencies rendered it possible for cold air to enter the frame from the outside between the window frame and the wood stud wall, and permit air to leave the frame at the interior at joints located at the glazing stops.
The effect of air leakage was most pronounced at the corners, where air could easily penetrate at the glazing stop butt joints. The temperature on the window frame decreased by as much as 4.18C (5.98C) at the top side and 3.28C (3.68C) at the bottom side of the window frame when 20 Pa (40 Pa) pressure was applied. Although the pressure difference is doubled, one should take into account the effect of the power law (7):
where Q is the air flow rate [L/s], C the flow coefficient [L/sÁPa n ], and n the flow coefficient [À] . It can reasonably be assumed that the flow exponent of the specific deficiency lies between 0.55 and 0.65 for building applications. Within this range of values for flow coefficient, the air flow rate would rise between 46% and 57% upon doubling the pressure difference. Hence, one would not expect that the temperature drop would be linearly related to the pressure difference.
With regard to the condensation potential, the results differ significantly from those of the tests without pressure difference due to the air flows in the window frame: a temperature index of 0.68 at 0 Pa, 0.64 at 20 Pa, and 0.63 at 40 Pa. Note that without pressure difference the edge of the glass pane is the coldest spot and hence the most likely condensation surface, whereas this shifts toward the frame during pressure differences. This may seem a trivial remark, but might have major consequences. Even though condensation should be avoided at all times, it is likely to occur due to specific circumstances, e.g., extremely low outdoor temperatures or high indoor moisture loads. Condensation on the glass itself can be seen very easily by building tenants, who might react by turning up the heat, ventilate more, or regularly wipe it dry. If condensation first occurs on the frame, it might not be noticed and the water might get absorbed by adjacent porous finishing components such as wood or gypsum. This could cause staining and deterioration of the materials. The temperatures at the window frame in the cavity between the window and sill are extremely low when a pressure difference is present. The thermocouple at the lower left corner shows 0.48C at 0 Pa, À4.68C at 20 Pa, and À7.28C at 40 Pa. This could cause severe problems during a rapid change of air flow direction: a temperature of À7.28C corresponds to the dew point of 208C at 16% humidity; so, indoor air conditions could easily induce condensation on that surface.
Effect of deficiencies
During the second series of tests, two deficiencies were installed: one at the lower right corner on the outside and one on the upper left corner on the inside (when looking from the inside of the window). When no pressure difference is applied, results are nearly identical to the previous test without deficiency.
Effect of deficiencies and pressure differences
When a pressure difference of 20 Pa is applied while deficiencies are present (Figure 3) , the outside surface temperatures remain the same, but the surface temperature of the window profile on the inside is reduced an extra 0.98C compared to the test without deficiencies (1.38C for 40 Pa). A temperature drop of 18C corresponds to a drop of 0.02 points in the temperature index (for the given boundary conditions of the test setup). Compared to the test with the open deficiencies but no pressure difference, the upper part of the window cools down by as much as 3.98C at 20 Pa and the lower part 4.18C. At 40 Pa, that is 7.28C and 4.98C for the upper and lower parts of the window, respectively. By comparing these results with tests without deficiencies and other test setups, the overall temperature drop of the window frame (averaged results for the whole frame are used to compare general trends) can be likely attributed to three different effects. First of all, about 25% can be traced back to air leakage from outside to inside through the window frame itself (based on the results of the same window when SPF was installed). Second, air leakage from the cavity frame-wall accounts for ;37.5% of the temperature drop (by comparison with the setup without deficiencies). Third, another ;37.5% is introduced by the air leakage between the outer and the inner deficiencies. It can be concluded that about 60% of the temperature drop may have been avoided by installing high-grade window frames. In terms of temperature index, the 25% corresponds to a drop of 0.02, and the 37.5% to 0.03. The combined effect is on average a change in temperature index of 0.08 (or 48C) on the window frame, but as shown in Figure 3 , peaks of up to 0.15 occurred depending on the specific location of the air leaks. The most critical reductions in temperature index from 0.69 (on the window pane) to 0.63 at 20 Pa (on the frame) and 0.61 at 40 Pa (on the frame). The temperatures in the cavity show a general decrease of 5.98C at 20 Pa and 10.18C at 40 Pa.
Test set 2 -glass fiber insulation
For this test setup, the cavity between the window frame and the rough opening was filled with glass fiber insulation and caulked on the interior side. The surface temperatures on the outer side did not differ from those obtained in the test setup without insulation (test set 1). On the inside, the effect of adding insulation was most pronounced for the surface temperature of the window frame, which was about 0.58C higher due to the insulation. However, this was not the case for the IGU where the temperature remained roughly the same. The lowest temperature index drops from 0.69 to 0.68 (Figure 4 ), but this was not a general trend and lies within the error margin. In fact, the surface temperature of the glass perimeter was primarily determined by the center-of-panel R-value of the IGU, the IGU-spacer along the edges, and the removable glazing stop of the window frame. Unless the temperature around the frame is below a certain threshold and the frame has a limited lateral thermal resistance, the effect on the IGU will be negligible. The cavity between window and wood frame itself, now packed with insulation, was on average 4.18C warmer compared to the setup without insulation, with peak differences of 7.68C. It should be noted that there was still a minor thermal gradient present, albeit less pronounced than found earlier. This supports the theory concerning the effect of convection inside the vertical mullions of the window frame. A detailed analysis of the results points out that the calculated thermal gradient was smaller than that observed without insulation, but slightly bigger than the one observed with SPF insulation. This may have been caused by thermal stratification (despite the resistance of the glass fiber insulation), or by an upward air flow caused by a leak. In the latter case, it would also account for a part of the thermal gradient in the setup without insulation. In the horizontal cavity at the sill, the temperature was significantly higher than the test without insulation, consistent with the predicted dampening of convection effects by the insulation.
Effect of pressure differences
Both for 20 and 40 Pa pressure differences, there was no important effect on the outdoor surface temperatures for the wall, for the window frame, and for the IGU. On the indoor side, the effect of pressure differences on window frame temperature was nearly identical to test setup 1. Although the absolute temperatures and temperature indexes were slightly higher due to the insulation, the shift caused by the air flow was the same (Figure 4 ). In the cavity between the window and the wood frames, the temperature drop was considerably lower: on average 3.68C at 20 Pa (instead of 5.98C) and 7.88C at 40 Pa (instead of 10.18C). The resistance of the glass fiber insulation to air flow can account for this change in temperature drop.
Effect of deficiencies
The results of the test with the two deficiencies in the construction are nearly identical to those of the test without deficiencies. On average, the surface temperature of the window frame decreased by 0.18C, and the temperature in the cavity by 0.28C. Although this might be attributed to greater convection in the cavity due to lower air flow resistance, the difference was very small and lies within the magnitude of measurement error.
Effect of deficiencies and pressure differences
While there is no effect on the outside surface temperatures due to pressure difference, a pressure difference has a small effect on the window frame temperatures on the inside. Figure 5 shows the temperature indexes for the case where deficiencies are present and a pressure difference of 40 Pa is applied. The results show, from top to bottom, the test without insulation between window frame and wall, with mineral fiber insulation and SPF, respectively. Without insulation, there was an additional temperature drop of 1.58C on the interior side of the window frame compared to the same test without deficiencies. With the glass fiber insulation, the additional effect of the deficiencies was negligible. While the presence and type of insulation had no effect on the temperature drop due to a pressure difference without deficiencies, it had a clear effect when the deficiencies are in fact present. This supports the theory that the overall temperature drop described above was caused by air leakage in the window frame itself, and not by air leakage in the cavity. Figure 5 shows the temperature indexes on the inside of the window, which shows that glass fiber insulation has a positive effect. The low value at the top left corner of the window frame might be attributable to minor deficiencies in the caulking, measurement accuracy, or rounding. The effect on the temperature index at the interior surface is a little over 0.01, consistent with the 0.58C increase due to the insulation (recorded in the case without pressure differences and without deficiencies). The lowest temperature index achieved at a pressure difference of 40 Pa was 0.64, only slightly higher than the situation without insulation. Due to the thermal stratification of the gas in the IGU, the lowest temperature indexes can be found at the sill; hence, it is evident that the insulation will not have a major effect on results at this location.
Test set 3 -SPF
The application of SPF inside the cavity should prevent any convection from occurring. The surface temperatures of both the window frame as the IGU are similar to the case with glass fiber insulation. However, the lower right corner of the glass pane was almost 18C colder than the setup without insulation. At the sill, SPF was installed; so, similar results would be expected for the two cases with insulation ( Figure 5 ). Contrary to expectations, the most critical surface temperature on the glass drops on one single point when insulation is installed in the cavity. However, the temperatures measured inside the cavity at the sill rose due to the installation of SPF because thermal stratification is prevented. Analysis of IR-pictures did not offer any explanation of the divergent results at the sill; the divergence of this anomalous value is equal to the maximum measurement error.
The tests on samples with deficiencies but without pressure difference are identical to the tests without the deficiencies -similar to test set 2 with glass fiber wool insulation.
Effect of deficiencies and pressure differences
Although there may be no convection in the wall-window interface cavity, a pressure difference of 20 Pa results in a reduction in the surface temperature of the window frame, by 0.88C on average, and 1.08C for 40 Pa (without insulation, these values were 1.68C and 3.58C, respectively). Again, in the absence of thermal effects in the cavity around the window, the cause of the reduction in temperature lies within the window frame itself. Only deficiencies in the window can permit an airflow that affects the surface temperature at that location. The temperature drop is very similar to the case with glass fiber insulation. The lowest temperature index for the SPF test is 0.66 for pressure differences of 0, 20, and 40 Pa (Figure 6 ). Deficiencies caused no change in the temperature profile with or without pressure difference. The SPF blocked any possible air flow around the cavity; hence, pressure differences have no influence on the surface temperatures.
Condensation risk assessment
A comprehensive methodology to calculate surface condensation is presented in EN ISO 13788:2001. However, the standard was developed to evaluate the risk for mold growth on the interior surface of building components and interstitial condensation, and consequently it is advisable to use monthly mean values as boundary condition. Monthly values are typically used for risk evaluation of surface mold growth, because it integrates -to a certain extent -the required exposure time to a set of boundary conditions to initiate mold germination. Surface condensation on window frames is a phenomenon that happens instantaneous, and is not related to long-term preconditioning. Consequently, this standard needs a number of adjustments in order to apply the general methodology to window condensation risk analysis. Next to that, we can differentiate between two separate approaches of the problem: either condensation is simple and not tolerated, or condensation is only allowed to a limited extent.
The first approach with a strict criterion renders an easy evaluation method: the mean annual minimum temperature on an hourly basis should be used for condensation risk assessment on windows. Even then, this should only be considered as a guideline, and condensation may still occur in a number of cases, due to local high RH, insufficient ventilation rates, shielding from radiation, etc. The external surface resistance should be set to 0.04 m 2 .K/W, whereas the interior surface resistance should be fixed to 0.13 m 2 .K/W for glazing and window frames. For the interior boundary conditions, two options are at hand: first of all, it is possible that information on RH and temperature in the building are available. However, in the case of the refurbishment of an existing building, it is very plausible that the interior boundary conditions will change due to the refurbishment (Brown, 1997) . If no other information is available, an estimation of the hygrothermal conditions of the future building is necessary: annex A of EN ISO 13788:2001 offers an estimation of vapor pressures for different building functions and corresponding humidity classes, depending on the exterior temperature. Note that the values in the annex were derived from buildings in Western Europe. Furthermore, the standard advises to introduce a safety factor of 1.10 to the interior vapor pressure for condensation risk assessment.
Consequently, the condensation risk can be calculated as follows:
1. Selection of the exterior mean annual minimum temperature on a hourly basis 2. Selection of interior temperature and humidity class, and corresponding vapor pressure (a safety factor of 1.10 should be applied to the vapor pressure). 3. The saturation vapor pressure can be calculated for the interior temperature using Equation 3. 4. Dividing the absolute vapor pressure from step 2 by the saturation pressure from step 3 offers the indoor RH. 5. Equations 5 and 6 can be used to calculate the temperature at which the vapor pressure from step 2 will become saturated. Consequently, the surface temperature of building components should remain above that temperature to avoid surface condensation. 6. Based on the exterior temperature (step 1), interior temperature (step 2), and the interior surface temperature when condensation might occur (step 5), the minimum temperature index can be calculated according to Equation (2). 7. The lowest local temperature index on a window (combination of IGU, spacer, and window frame) should be above the minimum temperature index specified in step 6.
The standard does not take into account the effect of air flows around a window frame due to pressure differences. The results of this section in this article indicate that the effect of deficiencies -in absence of a pressure difference -is negligible. The effect of insulation in the cavity between the window frame and the wall is a difference in temperature index of 0.03 for fiber insulation and 0.02 for SPF compared to the empty space, when no pressure differences are applied. However, in the installation without deficiencies, the minimum temperature index drops 0.05 at 20 Pa and 0.05 at 40 Pa. When fiber insulation is installed, the differences are 0.04 and 0.06, and for SPF insulation, the effects are 0.02 and 0.03, respectively. With deficiencies in the installation, the temperature index drops to 0.04 and 0.07 at 20 and 40 Pa for the situation without insulation in the cavity. For the installation with fiber insulation, the minimum temperature index dropped to 0.04 and 0.07 at 20 and 40 Pa pressure differences, similar to the previous setup. SPF, on the other hand, does have a significant effect: at 20 and 40 Pa the temperature index dropped to 0.02 and 0.04, respectively. This indicates that the methodology presented above is erroneous once pressure differences are applied over the construction. Research by Cornick (2008) indicates that pressure differences up to 40 Pa over a building component can be expected in cold climates, considering both wind pressure and thermal stratification. Consequently, a reliable risk assessment should take into account the changes in temperature index reported in this section.
This methodology thus offers a calculation algorithm to define a temperature index for the case when no condensation is allowed at all. However, practice shows that this absolute criterion is not always feasible, or would introduce very high additional costs. In order to assess the actual risk with a limited number of hours that condensation is allowed, statistical information is required on the cumulative distribution of outdoor temperatures, related to the corresponding indoor RH and indoor temperature. By calculating the minimum temperature index for every single hour throughout a whole year (using statistical representative data), a distribution function of the temperature index would become available, which allows us to assess the actual condensation risk and renders the number of hours that interior surface condensation on the window can be expected.
The condensation risk will depend on the type of wall, window, IGU, and spacer on one side, and on the specific interior and exterior boundary conditions related to the exterior climate, and type and use of the building. Consequently, guidelines can only be calculated for specific climates, buildings, and construction methods. The results of this research project evidently cannot be extrapolated to every situation, but indicate that the effect of convection in the window-wall interface is very significant, and omitting this phenomenon might underestimate the actual risk on interior condensation.
Conclusions
The following observations and analysis were made on experimental results for window-wall interfaces installed with box windows.
The exterior side of the configuration is not sensitive to thermal effects induced by air leakage to the inside. As a result, the use of IR-scans may not be useful for air leakage detection from the outside for this type of construction.
The temperatures on the IGU show a significant vertical thermal gradient, and the spacer around the perimeter acts as an additional thermal bridge causing low surface temperatures in all configurations. However, the IGU is not very sensitive to the changes occurring inside the cavity between the window frame and the rough opening: the effect was limited to about 18C and likely caused by imperfections in the window frame.
The box window used in the measurements was -although typical for NorthAmerican construction practice -of lesser quality, as several cracks and deficiencies in the window frame, in certain instances, directly affected results. Even for the installation with SPF without deficiencies, it was observed that the surface temperature on the window profile dropped 18C, possibly caused by insufficient airtightness of the window frame.
There are significant differences between trends in mean and extreme values. Very local effects and deficiencies may have an important effect and will determine the primary location for surface condensation.
By insulating the cavity between window frame and wall, the temperature index increases about 0.02 compared to an empty cavity. Pressure differences introduce significant reductions in temperature indexes (between 0.02 and 0.07), which are partially omitted by installing insulation.
As the window installation was tested under severe circumstances (508C and 40 Pa difference between interior and exterior climate), the overall effect of air flows is rather limited, and the bulk of it is likely caused by deficiencies in the window frame itself. However, these results are only valid for the vinyl frame used in this study.
Convective air transport around the window was partly retarded by the installation of glass fiber insulation. Only the use of spray foam insulation provided a seal to the perimeter, thereby avoiding cooling of the window profile.
When conducting a condensation risk assessment according to EN ISO 13788:2001, a number of changes in the methodology are suggested in order to apply the algorithm to window frames, and an additional safety factor is introduced for the minimum temperature index, depending on the type of window-wall interface.
A parallel research project focuses on flanged window frames. Based on the analysis of both the box windows as flanged windows, design guidelines will be developed. Although local effects dominate the results, the data can be used to validate dynamic computer simulations, in order to analyze similar effects on other combinations of window frames, IGUs, and spacers. Ultimately, it is expected that the information developed from these tests and simulations will provide guidance to window manufacturers, window installers, and knowledgeable practitioners on the thermal performance of differing window installation methods.
